Ni 50Àx Co x Mn 50Ày Al y (x ¼ 7 and 9; y ¼ 17, 18 and 19) alloy ribbons were prepared by melt-spinning with a tangential velocity of copper wheel of 40 m s
Introduction
The magnetocaloric effect (MCE) is defined as the heating or cooling of a magnetic material when a magnetic field is applied. The MCE occurs in a magnetic solid as a result of the entropy variation due to the coupling of the magnetic spin system with the magnetic field. Since the discovery of the MCE, it has been widely utilized in magnetic materials to reach low temperatures. Nowadays, there is a great deal of interest in using the MCE as an alternative technology for refrigeration. The magnetic refrigeration offers the prospect of an energy-efficient and environmentally friendly alternative to the common vapor cycle refrigeration technology used today [1e5] .
Among magnetocaloric materials, NieMn-based Heusler alloys are emerging as a promising candidate [6] . Recently, Ni-Mn-based alloys have been reported to exhibit the large magnetocaloric effects, including both the conventional and inverse magnetocaloric effects [7e9] . Besides that, the shape memory effect and other interesting properties have also been observed [10e12]. In the NiMn-Al Heusler alloys, the Neel temperature T N z 300 K was found to be virtually independent of composition [13] . The Ni-MnAl alloys with their relatively low cost and high ductility are a potentially attractive candidate material as a magnetic refrigerant. The partial substitution of Co for Ni in these alloys has been reported to have a strong effect on the martensitic-austenitic transformation which greatly enhanced the MCE [14e16]. Despite some previous efforts [7,16e18] , a clear understanding of the magnetocaloric effect and its association with the magnetic phase transition and magnetic interactions characterized by critical exponents in NiCo-Mn-Al alloys has not been reached.
To address this, we have systematically investigated the magnetic, magnetocaloric and critical properties of Ni 50Àx Co x Mn 50Ày Al y (x ¼ 7 and 9; y ¼ 17, 18 and 19) rapidly quenched ribbons.
Experimental
Six alloy ingots with nominal compositions of Ni 50Àx-Co x Mn 50Ày Al y (x ¼ 7 and 9; y ¼ 17, 18 and 19) were prepared from pure elements (99.9%) of Ni, Co, Mn and Al using the arc-melting method in Argon gas. The melt-spinning method was then used to fabricate the alloy ribbons with a tangential velocity of copper wheel of 40 m s
À1
. The structure of the alloys was investigated by powder X-ray diffraction (XRD) technique using CuK a radiation with measuring step of 0.02 at room temperature. The magnetic properties and magnetocaloric effects of the alloys were characterized on a vibrating sample magnetometer with temperature range of 77e500 K and maximum magnetic field of 12 kOe.
Results and discussion
The XRD patterns taken at room temperature ( Fig. 1) show that crystalline phases of L1 0 (face centered cubic), B2 (body centered cubic) and 10M (orthorhombic) are formed in the ribbons. Most of the samples mainly contain B2 and L1 0 phases. The 10M phase appears in the ribbons with high concentrations of Al and Co. The change of the structure would probably affect magnetic and magnetocaloric properties of the alloys.
The magnetic properties of the samples were characterized by magnetization versus temperature (M-T) measurements (Fig. 2a) . The results show that the shape of M-T curves clearly depends on Co and Al concentrations. For examples, the magnetization of the sample with x ¼ 7 increased from~0.7 emu/g for y ¼ 17 to~7.7 emu/g for y ¼ 19. The Curie temperatures of the alloy ribbons strongly increased with increasing the Co concentration and slightly decreased with increasing the Al concentration. By increasing the Co concentration from 7 at.% to 9 at.%, the Curie temperature (T C ) strongly increased from~364 K (for x ¼ 7 and y ¼ 18) to~394 K (for x ¼ 9 and y ¼ 18). The magnetization of Ni 50Àx Co x Mn 33 Al 17 ribbons are also increased considerably with the substitution of Co for Ni. The martensitic-austenitic phase transition in the alloy ribbons can be tuned by adjusting Co and Al concentrations.
In this series of samples, the Ni 43 Co 7 Mn 32 Al 18 ribbon shows two strong magnetic phase transitions near a room temperature region. Therefore, it was chosen as a representative one for analyzing magnetic and magnetocaloric properties. The magnetocaloric effect in the ribbon was assessed by the magnetic entropy change (DS m ) as functions of temperature and magnetic field using Maxwell relationship:
From a series of experimental curves M(T) (Fig. 2b) , the corresponding M(H) curves can be deduced (Fig. 3a) . Fig. 3b and inverse (positive) magnetocaloric effects, respectively. As expected, the jDS m j max increases with increasing the magnetic field (the inset of Fig. 3b ).
The temperature dependence of DS m for different applied field changes for the second-order phase transition of materials can be described by the so-called "universal master" curves [19e21] .
Based on the DS m (T) curves, the DS m =DS max versus q plots are constructed. White q value is determined by the formula:
where T r1 and T r2 are the temperatures of the two reference points. For the present study, they are selected as those corresponding to DS m ðT r1;2 Þ ¼ k:DS max ðk ¼ 0:5Þ. This choice of k does not affect the actual construction of the universal curve, as it implies only proportionality constant. Fig. 4a shows the universal master curve of the Ni 43 Co 7 Mn 32 Al 18 ribbon. All DS m (T) data are well collapsed onto a universal master curve, affirming the nature of second-order magnetic transition of the material. This is an interesting property of second-order phase transition materials and is distinct from first-order phase transition materials. It has been shown that the magnetic orders of materials exhibiting in a second-order magnetic phase transition can be assessed by the critical parameters using Arrott plots [22] .
The critical parameters T C , b and g obtained from fitting M S (T) and c 0 À1 (T) data by using the according formulas (6) and (7). characterizing materials with long-range ferromagnetic interactions [24] . In a previous study, it has been shown that Ni 50 Mn 50Àx Sn x (x ¼ 13 and 14) alloy ribbons show a short-range ferromagnetic order for x ¼ 13 but a long-range ferromagnetic order for x ¼ 14 at temperatures just below Tc, indicating that that Sn addition tends to drive the system, in the austenitic ferromagnetic phase, from the short-range (x ¼ 13) to long-range (x ¼ 14) ferromagnetic order [16] . The long-range ferromagnetism has recently been reported for Co 50Àx Ni x Cr 25 Al 25 (x ¼ 0 and 5) alloys [17] . In the present case, the presence of Co and Al seem to establish a longrange ferromagnetic order in the Ni 43 Co 7 Mn 32 Al 18 ribbon, thus favoring the conventional (negative) magnetocaloric effect rather than the inverse (positive) magnetocaloric effect. Nevertheless, a systematic study on effects of various Co and Al contents on the magnetic ordering and magnetocaloric effect in Ni 50Àx Co x Mn 33 Al 17 ribbons will be essential to fully understand their relationship.
Conclusion
The rapidly quenched Ni 50Àx Co x Mn 50Ày Al y (x ¼ 7 and 9; y ¼ 17, 18 and 19) ribbons exhibit multi-crystalline phases of the L1 0 , B2 and 10M types. The Curie temperature of the alloy ribbon strongly increases with increasing the Co-concentration and slightly decreases with increasing the Al-concentration. For a field change of 12 kOe, the maximum magnetic entropy change of the Ni 43 Co 7 Mn 32 Al 18 ribbon is about 0.43 and À0.74 J kg À1 K À1 for the negative and positive magnetocaloric effects, respectively. This sample exhibits a long-range ferromagnetic order at temperatures just below the T C .
